a,e α-N-Heterocyclic thiosemicarbazones are among the most promising ribonucleotide reductase inhibitors identified so far. Triapine, the most prominent representative of this class of substances, has been investigated in multiple phase I and II clinical trials. With regard to clinical practice, Triapine showed activity against hematological diseases, but ineffectiveness against a variety of solid tumors. However, the reasons are still vague and the amount of ADME (absorption, distribution, metabolism and excretion) data for Triapine available in the literature is very limited. Therefore, different analytical tools were used to investigate the metabolism of Triapine including electrochemical oxidations, liver microsomes and in vivo samples from mice. The main metabolic reactions, observed by all three methods, were dehydrogenation and hydroxylations, confirming that electrochemistry, as a purely instrumental approach, can be applied for the simulation of metabolic pathways. The dehydrogenated metabolite M1 was identified as a thiadiazole ring-closed oxidation product of Triapine. From a biological point of view, M1, as a key metabolite, is of interest since the crucial chemical property of α-N-heterocyclic thiosemicarbazones to bind metal ions is lost and cytotoxicity studies showed no anticancer activity of M1. The in vivo data of the urine samples revealed very high levels of the metabolites and Triapine itself already 15 min after treatment. This clearly indicates that Triapine is rapidly metabolised and excreted, which represents an important step forward to understand the possible reason for the inefficiency of Triapine against solid tumors.
Introduction
For several decades it has been known that α-N-heterocyclic thiosemicarbazones inhibit the catalytic activity of ribonucleotide reductase (RR), 1,2 the enzyme responsible for the conversion of ribonucleotides into their corresponding deoxyribonucleotides and, as a consequence, stop DNA synthesis. 3 Due to their high proliferation rate, RR is frequently overexpressed in tumor cells and is, therefore, a potent target in anticancer therapy. 4, 5 Since 2002, Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone; Scheme 1), the most prominent representative of this class of substances, 6 has been investigated in more than 20 clinical phase I and II studies. 7, 8 Unfortunately, Triapine showed only promising activity against advanced leukemia and failed against a variety of solid tumors. 4, [9] [10] [11] [12] The reasons are currently widely unknown and might be due to inappropriate drug delivery, fast excretion/ metabolism and/or drug resistance. [13] [14] [15] Furthermore, drug resistance can be directly related to the systemic and, often even faster, intratumoral pharmacokinetics, due to the overexpression of the metabolising enzymes. 16, 17 Interestingly, the amount of ADME (absorption, distribution, metabolism and excretion) data for Triapine available in the literature is very limited. An approximate half-life time of 1 h was reported for Triapine after i.v. administration in patients. 18 In accordance with this, recent results from our group in mice revealed low protein binding affinity and fast clearance of Triapine from the body, suggesting rapid elimination via the liver. 15 It is noteworthy that data on the metabolism of Triapine have not been publicly available so far with the exception of the acetylation and hydroxylation reactions briefly mentioned in the report of a phase I study. 19 In contrast, for the terminally substituted
Richardson-type thiosemicarbazones DpC (di-2-pyridylketone 4-cyclohexyl-4-methyl-3-thiosemicarbazone), Bp4eT (2-benzoylpyridine 4-ethyl-3-thiosemicarbazone) or Dp44mT (di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone) (Scheme S1 †), the main metabolic reactions have already been identified and include oxidative desulfuration and demethylation. [20] [21] [22] [23] Notably, DpC and another thiosemicarbazone, Coti-2 ((E)-N′-(6,7-dihydroquinolin-8(5H)-ylidene)-4-( pyridin-2-yl)piperazine-1-carbothiohydrazide; Scheme S1 †), are currently entering clinical phase I studies. [24] [25] [26] The importance of metabolic investigations for the thiosemicarbazone class becomes clear considering the first clinically investigated thiosemicarbazone 5-HP (5-hydroxypyridine-2-carboxaldehyde thiosemicarbazone; Scheme S1 †), where data from a clinical phase I study showed a very short plasma half-life time (<10 min) based on fast metabolism and excretion via glucuronidation. 27, 28 This is of interest, as such a process would have been at least partially predictable with appropriate preclinical evaluations. With regard to the metabolism, usually two main phases of transformation reactions are distinguished: on the one hand, enzymes of phase I metabolism introduce reactive and polar groups into their substrates. Most commonly, this involves the oxidation of the educts (besides reduction or hydrolysis) and is predominantly triggered by hepatic cytochrome P450 enzymes. 29 These reactions can result in the conversion of (1) a non-toxic molecule into a poisonous one ("toxification"), 30 (2) a biologically active/toxic compound into an inactive one ("detoxification") 31 and (3) the specific activation of a prodrug to an active derivative. 32, 33 On the other hand, phase II metabolism mainly conjugates hydrophilic moieties to functional groups like -OH, -NH 2 or -SH in order to increase the water solubility and subsequently allow excretion via the liver and kidneys. 34 For the simulation of many phase I oxidative liver reactions, electrochemistry (EC) in combination with liquid chromatography (LC) and mass spectrometry (MS) has increasingly been used in drug metabolism studies. 35 This method has been proved to serve as a valuable tool, since it enables the generation and detection of even reactive, short-lived species due to the absence of a complex biological matrix. 36 Complementary to this purely instrumental technique, the drug metabolism can be simulated using cell-free incubations with human liver microsomes (HLM) followed by the separation and identification of the metabolites using an optimized LC/MS method. 37 The aim of this study was to close the knowledge gap on the metabolism of the most prominent anticancer thiosemicarbazone Triapine using different methods: (1) electrochemical oxidation in comparison with (2) cell-free incubations with HLM and (3) the metabolic changes observed after in vivo administration in mice.
Experimental

Chemicals
Triapine and Triapine·HCl were synthesized according to the literature procedures. 38 Human liver microsomes were obtained from BD Gentest (Woburn, MA, USA), nicotinamide adenine dinucleotide phosphate (NADPH) was purchased from Roche Diagnostics (Mannheim, Germany) and phosphate buffered saline (PBS, pH 7.4, 10×) from Gibco ® by Life
Technologies™ (Carlsbad, CA, USA). Formic acid (99-100%), ammonium formate (≥99.995% trace metal basis), water and acetonitrile (both of LC-MS grade), as well as all other chemicals, were obtained from Sigma Aldrich, Austria.
EC/ESI-HRMS measurements
Electrochemical conversion and metabolism simulation of Triapine were conducted using a FlexCell (Antec Scientific, Zoeterwoude, The Netherlands) equipped with a boron-doped diamond (BDD) as the working electrode, graphite-doped Teflon as the auxiliary electrode and Pd/H 2 as the reference electrode. For recording a mass voltammogram, a Triapine solution (10 μM), prepared in 10 mM aqueous ammonium formate (adjusted to pH 7.4) and acetonitrile (50/50, v/v), was pumped through the electrochemical cell at a continuous flow rate of 10 μL min −1 . The oxidation potential ramp between 0 and +2500 mV (vs. Pd/H 2 ) within 250 s was applied using a homemade potentiostat. The effluent of the EC cell was directly interfaced via an electrospray ionization (ESI) source to a high resolution (HR) Exactive™ mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The instrument was operated in the positive ionization mode at a resolution of 50 000. For recording full scan spectra (m/z 100-500), the following conditions were applied: sheath gas flow rate 10 a.u., auxiliary and sweep gas flow rate 0.0 a.u., spray voltage 4.0 kV, capillary temperature 280°C, capillary voltage 30.0 V, tube lens voltage 55.0 V and skimmer voltage 16.0 V. XCalibur 2.1 software (Thermo Fisher Scientific, Bremen, Germany) was used for instrument control and data evaluation. The software Origin 9.1 (OriginLab, Northampton, MA, USA) was used for the graphical representation of the three-dimensional mass voltammograms obtained by plotting the mass spectra against the applied potential ramp.
LC/ESI-HRMS measurements
For the separation of the electrochemically generated metabolites, LC/ESI-HRMS analysis was carried out. To this end,
Triapine was oxidized at a constant potential showing the highest conversion rate (+1800 mV vs. Pd/H 2 ). The separation was performed on a HPLC system consisting of two LC-10ADVP pumps, a SIL-10A autosampler, a SCL-10AVP system controller, a DGC-14A degasser and a CTO-10ASVP column oven, all controlled using LCSolution software 1. 
MS/MS experiments
For the structural elucidation of the electrogenerated metabolites, Triapine was oxidized at a constant potential showing the highest conversion rate (+1800 mV vs. Pd/H 2 ). The oxidized solution was analyzed on a LTQ Orbitrap Velos (Thermo Fisher Scientific, Austria) and MS/MS experiments were performed using an ion trap. The ions were fragmented in a CID (collision induced dissociation) cell at 35% normalized collision energy. The instrument was operated in the positive ionization mode at a resolution of 60 000 with the following conditions: sheath gas flow rate 10 a.u., auxiliary gas flow rate 2.0 a.u., sweep gas flow rate 0.0 a.u., source voltage 4.0 kV and capillary temperature 275°C.
Investigation of the metabolism with human liver microsomes (HLM)
Investigations of Triapine metabolism using cell-free incubations with human liver microsomes were accomplished by the application of standard protocols as reported elsewhere. 
In vivo experiments
For distribution experiments, mice were treated with one intravenous injection of Triapine·HCl (5 mg kg −1 dissolved in 0.9% NaCl). Animals were anaesthetized after 15 min using Rompun © /Ketavet © . Blood and urine were collected by heart and bladder puncture, respectively. Blood was allowed to clot at room temperature for 15-20 min. Serum was isolated by centrifugation at 1800g for 10 min performed two times and was stored at −80°C. The organs (kidney and liver) were collected and stored at −80°C. Analogously, drug-free samples of untreated mice were collected to serve as a control.
Sample preparation and measurements of the in vivo samples
For analyte distribution in the kidney and liver, extracts were obtained by homogenization of the collected tissues in PBS (1 : 3) in Micro packaging vials (2 mL; Peqlab, Erlangen, Germany) with Precellys ceramic beads (2.8 mm; Peqlab, Erlangen, Germany) for 3 × 10 s at 6000g with a Minilys homogenizer (Bertin Technologies, Versailles, France). The so prepared liver and kidney extracts, as well as collected serum and urine samples, were diluted 1 : 3 with acetonitrile, vigorously shaken and centrifuged for 10 min at 6000g. Then, the supernatant was diluted 1 : 2 with water. Triapine was quantified via external matrix-matched calibration with calibration solutions prepared by spiking serum, urine, liver and kidney extracts of untreated mice with an appropriate amount of Triapine. Then, the sample preparation procedure was performed by following the same protocol applied to samples from treated mice. All samples and calibration solutions were transferred to a LC/ ESI-HRMS system consisting of a Vanquish™ UHPLC coupled to a Q Exactive™ HF hybrid quadrupole-Orbitrap mass spectrometer controlled using XCalibur 2.1 software (Thermo Fisher Scientific, Bremen, Germany). The system was equipped with an Atlantis T3 C18 reversed-phase column (150 mm × 2.1 mm, 3 μm particle size) from Waters (Milford, USA). LC solvents were water containing 1% acetonitrile and 0.1% formic acid (eluent A) and acetonitrile containing 1% water and 0.1% formic acid (eluent B). The gradient elution was conducted starting at and maintaining at 1% B for 1 min. Then, B was increased to 99% within 14 min and kept for 1 min to flush the column, followed by reconstitution of the starting conditions within 0.1 min and re-equilibration with 1% B for 6.9 min (total analysis time = 23 min). The LC/ESI-HRMS runs were performed in positive ionization mode at a resolution of 120 000 with the following optimized parameters: HESI source 320°C, flow rate 200 μL min −1 , injection volume 2 µl, column temperature 25°C, autosampler temperature 5°C, sheath gas flow rate 40 a.u., auxiliary gas flow rate 10 a.u., sweep gas flow rate 2 a.u., spray voltage 3.5 kV, capillary temperature 300°C, capillary voltage 35.0 V, tube lens voltage 55.0 V, skimmer voltage 16.0 V and a full scan MS from m/z 100-900. For the structural elucidation of the in vivo metabolites, MS/MS experiments using higher-energy collisional dissociation (HCD) were performed.
Electrochemical synthesis and characterization of M1
In order to obtain sufficient amounts of M1 for subsequent structural identification via NMR, electrolysis of Triapine was performed. The instrumental setup was equipped with a working platinum ring-electrode, a platinum counter electrode and a calomel reference electrode. The stock solution of Triapine was prepared in DMF and diluted with 100 mM aqueous ammonium formate (adjusted to pH 7.4) and acetonitrile (50/50, v/v) to a final concentration of 1 mg ml −1 (5% DMF). The electrolysis was run for 6 h at a constant potential of +900 mV. It is noteworthy that the electrolysis yield was only <5%, most probably due to water oxidation as the side reaction. The reaction mixture was analyzed via LC/ESI-HRMS and the assigned dehydrogenated product was purified via a preparative Agilent 1200 Series system controlled using ChemStation software (Agilent Technologies Chemical synthesis of M1 (Scheme 2) 
Cell lines and culture conditions
The following human cancer cell lines were used in this study: the colon carcinoma-derived cell line SW480 (obtained from the American Tissue Culture Collection) and the ovarian carcinoma-derived cell line A2780 (obtained from Sigma-Aldrich). SW480 cells lines were grown in MEM (minimum essential medium) with 10% FCS (fetal calf serum) and A2780 cells were cultured in RPMI 1640 supplemented with 10% FCS. SW480/ Tria and A2780/Tria cells were generated at the Institute of Cancer Research, Medical University of Vienna, by continuous exposure of SW480 and A2780 cells, respectively, to increasing concentrations of Triapine (starting point 0.05 µM; end point 20 µM) over a period of one year. 14 Triapine was administered to the cells once every other week at the day after passage, when cells had attached to the culture flasks.
Cytotoxicity tests in cancer cell lines
To determine cell viability, either 2 × 10 4 cells per mL of SW480 or 3 × 10 4 cells per mL of SW480/Tria, A2780 and A2780/Tria cells were plated on 96-well plates (100 µL per well) and allowed to recover for 24 h. Then, cells were exposed to test drugs with the indicated concentrations for 72 h. Anticancer activity was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based vitality assay (EZ4U; Biomedica, Vienna, Austria) by following the manufacturer's recommendations. Cytotoxicity was calculated using GraphPad Prism software (using a point-to-point function) and was expressed as IC 50 values calculated from full dose-response curves (drug concentrations inducing a 50% reduction of cell number in comparison with untreated control cells cultured in parallel).
Results
Electrochemical oxidation of Triapine
First, the metabolic transformation of Triapine was investigated by means of EC/ESI-HRMS, a purely instrumental technique used for the simulation of many oxidative liver reactions. Electrochemical oxidation was initiated by a potential ramp applied to the electrochemical cell. Simultaneously, Triapine was pumped through the cell and was subsequently introduced online into the ESI-HRMS, where the generated metabolites were detected. With the aim of obtaining an overview of the oxidation products, a three-dimensional mass voltammogram for Triapine was recorded by plotting the mass spectra against the applied potential (0 to +2500 mV vs. Pd/H 2 , 10 mV s and, therefore, intensity decay of the Triapine signal at higher voltages with the simultaneous formation of different metabolites ( Fig. 1) .
Coupling the electrochemical cell to a high-resolution mass spectrometer enabled the analysis of different oxidation products. Based on the mass difference and exact mass measurements, the sum formulae were calculated to identify the detected oxidation products and phase I metabolites of Triapine. The mass deviations between the detected and theoretical m/z were always ≤1 ppm, thus allowing us to conclude reliable sum formulae from the exact masses. The observed oxidation reactions include one-or two-fold dehydrogenation, monooxygenation, desulfuration and dimer formation with subsequent dehydrogenation, respectively. According to the intensity of the peaks, the main generated metabolites were m/z 194.0495, which corresponds to a dehy- identified. An overview of all the detected metabolites is presented in Table 1 .
Chromatographic separation of the oxidation products
In order to separate the transformation products of Triapine (especially isomeric metabolites), a reversed-phase liquid chromatographic separation (RP-LC) coupled to ESI-HRMS was carried out. To this end, Triapine was oxidized at a constant potential showing the highest conversion rate (+1800 mV vs. Pd/H 2 ) and the sample was subjected to LC/ESI-HRMS analysis. The chromatograms revealed that only the main metabolites M1 and M2 from the EC/MS measurements could be detected via LC/MS (Fig. 2) . This was not unexpected as the other electrochemically generated metabolites found in the mass voltammogram were present only in low concentrations and/or are expected to possess low chemical stability. Triapine eluted at t R = 6.8 min, whereas the electrochemically generated metabolites were detected at t R = 8.5 min (Triapine − 2H, m/z 194.0495, M1) and t R = 7.2 min (Triapine + O, m/z 212.0601, M2). Notably, no constitutional isomers could be detected via the applied separation. Considering the chemical formula of the obtained metabolite M1, only a ring formation reaction, bearing either a 1,3,4-thiadiazole or a 1,2,4-triazole moiety, seems reasonable (Scheme 3). For M2, hydroxylation (rather than N-oxidation) was proposed based on the literature data for DpC, where hydroxylated metabolites were observed in contrast with N-oxides. 20 To obtain more detailed information about the chemical structure, the metabolites were further investigated by MS/MS studies.
Fragmentation experiments
In order to assign the molecular structure of the two main metabolites M1 ( 
The metabolic conversion with human liver microsomes (HLM)
For comparison with the electrochemical oxidation, as a next step the oxidative metabolism was performed using HLM. After incubation of Triapine with HLM for 2 h, the metabolic reactions were stopped by the addition of acetonitrile, the proteins were removed via centrifugation and the sample was subjected to LC/ESI-HRMS. As illustrated in (Fig. 5) confirming the general metabolic reactions from the electrochemical and microsomal investigations above. Notably, in comparison with the LC/ESI-HRMS analysis of the electrogenerated and cell-free microsomal metabolites (a Supelco Discovery column, a Shimadzu LC coupled to a Thermo Fisher Exactive mass spectrometer), the in vivo metabolites were measured using a different instrumental set-up (a Waters Atlantis column, a Thermo Fisher Vanquish LC coupled to a Thermo Fisher Q Exactive HF mass spectrometer) which resulted in different retention times. For the structural elucidation of the metabolites, LC/MS/MS experiments using HCD were performed (Fig. 6) . Based on the comparison of the fragmentation spectra and the retention times, the compound eluting at t R = 7.5 min was confirmed to be the dehydroge- different fragmentation data for M4 (see below) suggests an N-hydroxylation reaction at the amino group of the pyridine ring. In addition, also further monooxygenated isomers (Triapine + O, m/z 212.0601) were detected at t R = 5.6 min (M4a), t R = 5.7 min (M4b) and t R = 5.9 min (M4c Fig. S1 †) and identified as the formamidrazone M5 (Scheme 3), a product of metabolic oxidative desulfuration. This reaction involves the oxidation of the thiocarbonyl group R-NH-C(vS)-NR 2 to R-NH-C(vSO 2 )-NR 2 , followed by -SO 2 dissociation, leading to the formation of a formamidine structure R-NvCH-NR 2 .
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By the application of the external matrix-matched calibration (see the Experimental part), Triapine levels were quantified in the serum, liver, kidney and urine samples with the following approximate concentrations: 15 µM (serum), 7 µM (liver) and 4 µM (kidney). For urine, two distinctly different values were obtained (30 µM and 180 µM), which can possibly be explained by the sampling method via bladder puncture, which cannot exclude the loss of compound due to urination before sample collection. The relative quantities expressed as absolute values of peak areas of Triapine and the obtained in vivo metabolites are presented in Fig. 7 (only the urine sample corresponding to 30 µM of Triapine is shown), whereas the ratios of the relative quantities of the respective metabolite to Triapine are depicted in Fig. S2 . † It can be concluded that the dehydrogenation with simultaneous ring-closure reaction to M1 (Triapine − 2H, m/z 194.0495) and hydroxylations are the main metabolism reactions detected in all in vivo samples. In serum, only very low relative quantities of metabolites were observed (especially in comparison with intact Triapine). Also, liver and kidney tissue featured small amounts of the oxidation products, but their levels were equal to those of intact Triapine. In contrast, very high relative concentrations of the metabolites were found in urine 15 min after drug treatment, by far exceeding that of intact Triapine, which indicates very rapid drug metabolism and excretion.
Phase II metabolites of Triapine in vivo
As mentioned above, some drugs and especially their phase I metabolites can undergo phase II conjugation reactions like glucuronidation, sulfation, methylation and acetylation as well as glutathione and amino acid conjugation. 41 As it is possible to analyze the generated mass spectrometric data also with regard to phase II metabolites, the in vivo serum, liver, kidney and urine samples were screened in this respect. Notably, only in urine samples, two Triapine N-glucuronide conjugates (Fig. S3 †) and two M1 N-glucuronide conjugates (Fig. S4 †) were detected. This is in good accordance with the two -NH 2 groups in both compounds. However, in comparison with the main phase I metabolites, the relative quantities of the N-glucuronides were low (below 10% in comparison with intact Triapine, Fig. S5 †) .
Chemical synthesis, iron-binding potential and anticancer activity of M1
The metabolism investigations of Triapine revealed the formation of different metabolites M1-M5 (Scheme 3). Among them, M1 is the only one bearing a completely different structure in comparison with other metabolites and Triapine itself, since the typical N,N,S-coordination moiety is destroyed. Consequently, it was of high interest to investigate the biological activity of this compound. Therefore, a synthetic strategy was developed according to a literature three-step procedure (Scheme 2) to generate sufficient amounts for chemical and biological testing. 42 In the first step, the two -NH 2 and the -SH moieties of Triapine were acetylated using acetic anhydride. Subsequently, the compound was oxidized using H 2 O 2 in acetic acid with the formation of the thiadiazole ring, which, after deprotection, resulted in the desired metabolite M1 ( proved by LC/UV, MS and NMR measurements).
First of all, the lack of iron chelation ability of M1 was proved. To this end, Triapine and M1 were incubated with iron(III) nitrate, respectively, and the metal complexation was investigated via HRMS (Fig. S6 †) . The HRMS spectra confirmed the binding of Triapine to iron(III) resulting in the Fe-Triapine signal at m/z 444.0350 (Fig. S6A †) , whereas no signal of any Fe-M1 complex could be detected (Fig. S6B †) .
Subsequently, the anticancer activity of the dehydrogenated metabolite M1 compared to Triapine was investigated in SW480 and A2780 cells (Fig. 8) as well as in their Triapineresistant subclones SW480/Tria and A2780/Tria using MTT assay (Fig. S7 †) . In the chemosensitive, parental cells Triapine showed the expected anticancer activity in the low micromolar range (IC 50 = 0.67 ± 0.18 µM and IC 50 = 0.32 ± 0.05 µM in SW480 and A2780 cells, respectively).
14 In contrast, M1 showed no anticancer activity in any of the tested cell lines.
Discussion
Triapine is the most prominent α-N-heterocyclic thiosemicarbazone and the only representative of this compound class which has already been investigated in multiple clinical phase II studies against cancer. In these investigations, Triapine showed promising results against hematological diseases, but was widely ineffective against solid tumors. The underlying reasons are currently vague and might be based, besides rapid resistance development, 13, 14 at least partially, on short plasma half-life time and fast metabolism. 15 However, so far basically no data on the biotransformation processes of Triapine have been publicly available, hampering the development of novel improved derivatives for next generation clinical development. Consequently, in this study, we investigated and compared the metabolism of Triapine by three different methods (1) 47 (the metal-mediated reactions usually only work for non-coordinating thiosemicarbazones). However, this type of reaction has not been reported so far as part of the metabolism of thiosemicarbazones. Nevertheless, such metabolites are of high interest as the typical N,N,S-coordination moiety is destroyed and, thus, such molecules are not able to chelate metal ions anymore. In line with this assumption, we were not able to detect any iron complex formation after co-incubation with iron(III) nitrate and the anticancer activity experiments revealed that M1 is completely inactive in Triapine-sensitive and -resistant cell lines. In general, distinct differences between the expression of metabolising enzymes in sensitive and resistant cell lines can be expected. 16, 17 Therefore, in subsequent studies we will compare the relative levels of Triapine and the metabolites in sensitive versus resistant cells. In the case of the Richardson-type compounds, 48 the lack of such a ring-closing dehydrogenation reaction can be explained by the fact that this requires the presence of a proton at the imine-carbon, which is not present in the case of the DpT-or BpT-derivatives (Scheme S1 †). Besides dehydrogenation, different hydroxylation products of Triapine (Triapine + O, m/z 212.0601) were observed as the main metabolites, especially in the in vivo samples. In theory, there are several possibilities for oxygen insertion, namely N-/C-hydroxylation and N-oxidation reactions. 49 In order to elucidate the exact structures of the detected monooxygenated metabolites, MS/MS experiments were performed. Although electrochemically unexpected, these data suggested that M2 corresponds to a hydroxylation of the terminal NH 2 -moiety. Essential for the assignment of M2 was (1) Interestingly, the fragmentation pattern of M3 (also with m/z 212.0601) was comparable to M4. However, due to the particularly different retention time, it was assigned as an N-hydroxylated metabolite of the pyridine amino group. Notably, no di-or trihydroxylated metabolites were detected with any of the applied methods. Furthermore, the products of dimer formation (m/z 389.1074; see Table 1 ) obtained by electrochemical conversion (EC/ESI-HRMS) could not be found in the in vivo samples. Consequently, we assume that the dimeric forms can be considered as by-products of the electrochemical oxidation process. With regard to the measurements of the in vivo samples, in line with our previous samples ∼15 µM Triapine was detected in serum 15 min after i.v. treatment. 15 It is noteworthy that the relative quantification of the metabolites in the serum in vivo samples revealed that at this time point only very small amounts of metabolites (<10% compared to Triapine) were detectable. This is of interest as from the literature, as well as from our previous studies, it is known that the plasma half-life time of Triapine is below 1 h. 15, 18 In contrast, higher relative levels of the diverse Triapine metabolites compared to serum were detected in the main metabolic tissues kidney and liver. Thus, in these organs M1 was observed in similar amounts to intact Triapine (∼7 µM in the liver and ∼4 µM in the kidney), while the three pyridine ring-hydroxylated metabolites M4 reached ∼50% of Triapine and M1. M2 was found exclusively in liver tissue. Thus, M2 could be a sole hepatic metabolite, excreted mainly via the feces, which is also supported by the fact that the relative amount of M2 (in contrast to M1 and M4) found in urine was negligible. On the other hand, M1 and M4 were detected in liver and kidney tissue as well as urine. Thus, these metabolites could be either formed in both organs or very rapidly cleared from the serum via the kidneys. Overall, in the liver and kidneys the total levels of the metabolites M1, M2 and M4 together were approximately 1.5-to 2.5-fold higher than the amount of intact Triapine. It is noteworthy that in the urine very large amounts of the metabolites (especially of M1 and M4) could be observed. Additionally, also the levels of intact Triapine were high in contrast to the findings of our previous analysis. 15 This discrepancy between the two studies can probably be explained by the method of sample collection used (by bladder puncture after 15 min) because by this method we cannot exclude loss of analytes due to prior urination (this is also indicated by the strong variation in the concentration of Triapine and the metabolites in the urine samples of individual animals that was not observed with other in vivo samples). Nevertheless, these very high levels of Triapine and its metabolites in urine are remarkable considering the very short time span after treatment (15 min) and reflect indeed very fast metabolism and excretion of Triapine in vivo.
In contrast to our results with Triapine, the literature data about the in vivo metabolism of the terminally substituted Richardson-type thiosemicarbazones DpC and Bp4eT revealed oxidative desulfuration to be the main metabolic reaction. 21, 23 This metabolic conversion involves the oxidation of the thiocarbonyl functional group to semicarbazone and/or amidrazone metabolites. In our study of Triapine only the latter (M5) could be detected in very small amounts, while no signs of the semicarbazone metabolite were observed. For Dp44mT, demethylation was the predominant metabolic reaction, 23 a pathway which is not possible for Triapine at all. Notably, in this pharmacokinetic study Dp44mT showed faster metabolism and elimination in comparison with DpC. 23 This indicates that there are indeed very strong differences between individual thiosemicarbazones, which can distinctly impact their pharmacological behavior. Finally, with regard to phase II metabolism, the screening of the in vivo samples revealed exclusively N-glucuronides: two different ones, each for Triapine and M1. In line with the highly increased hydrophilicity of such metabolites, they could only be found in the urine and in rather small amounts compared to the phase I metabolites. Interestingly, in contrast to the first clinically evaluated thiosemicarbazone 5-HP, which bears an OH-group at the pyridine ring, 50 no O-glucuronides were found in any of the analyzed in vivo samples, although these are the typical phase II products for hydroxylated phase I metabolites like M2-M4 of Triapine. 51 Thus, it can be presumed that phase I metabolism is widely sufficient for efficient excretion and inactivation of Triapine.
Conclusions
From an analytical point of view, it can be concluded that a purely instrumental electrochemical approach is a viable tool for the simulation of liver reactions, since it provides the main metabolites also observed with microsomal incubations and in the in vivo samples. Regarding the biological relevance, these data imply that the biotransformation of Triapine is rapid and thus the metabolism of Triapine is a highly relevant issue to understand the anticancer activity. Furthermore, our results clearly show that, unexpectedly, a key metabolite is the dehydrogenated ring-closed compound M1. Notably, this metabolite lost the crucial chemical property of anticancer α-Nheterocyclic thiosemicarbazones to coordinate biologically relevant metal ions and showed no anticancer activity. To conclude, Triapine is rapidly biotransformed into a dehydrogenated and several hydroxylated metabolites, which is, besides its fast excretion, very low protein affinity and low plasma half-life time, a further component for the explanation of the inefficiency of this drug against solid tumors in clinical trials. Therefore, the development of suitable drug delivery systems represents an important strategy for enabling the thiosemicarbazone class to evolve its full potential as anticancer therapeutics.
